OBJECTIVE -The pathogenesis of diabetic peripheral neuropathy (DPN) is poorly understood. We have recently reported a significant reduction in spinal cord cross-sectional area at the stage of clinically detectable DPN. In this study, we investigated whether spinal cord atrophy occurs in early (subclinical) DPN.
D
iabetic peripheral neuropathy (DPN) is one of the most common forms of neuropathy in the western world (1) . Although metabolic and vascular (2) mechanisms have been proposed, a complete understanding of the pathogenesis of DPN remains elusive (3, 4) .
Research into DPN has focused mainly on the peripheral nervous system with central nervous system involvement being relatively overlooked. However, involvement of the spinal cord has been reported in postmortem studies, which demonstrated axonal loss, gliosis, and demyelination within the spinal cord (5) (6) (7) (8) (9) . In many of these studies, patients with DPN were not examined specifically, and it is therefore not possible to conclude whether these changes were due to neuropathy or diabetes per se. Knowledge of the full extent of nervous system involvement is crucial for a greater understanding of the pathogenesis of DPN.
In a recent pilot study, we demonstrated a significant reduction in crosssectional area of the cervical spine using magnetic resonance imaging (MRI) in subjects with advanced DPN compared with nondiabetic control subjects (10) . However, the relevance of these findings to the pathogenesis of DPN is dependent on whether spinal cord shrinkage occurs early. The present study was adequately powered to examine spinal cord involvement in patients with early (subclinical) DPN.
RESEARCH DESIGN AND METHODS -Type 1 male diabetic subjects from the Royal Hallamshire Hospital Diabetes Register were screened for the study between October 2001 and January 2004. To be eligible, participants had to meet the following inclusion criteria: type 1 diabetes diagnosed for Ͼ5 years and age between 18 and 65 years. We excluded patients for the following reasons: clinical evidence of disease in the central nervous system (e.g., cerebrovascular disease), significant back problems (either known degenerative back disease or symptoms that have occurred on a regular basis or have required consultation for investigation and treatment), a history of spinal trauma, nondiabetic neuropathies, a history of alcohol consumption of Ͼ20 units/week (1 unit is equivalent to 1 glass of wine or 1 measure of spirits), painful neuropathy (as patients may have acute reversible painful neuropathic syndromes without functional nerve abnormalities), diabetic neuropathies other than DPN (e.g., mononeuropathies or proximal motor neuropathies), or claustrophobia or other factors that precluded MRI. We also recruited age-and sexmatched nondiabetic control subjects and subjects with hereditary sensory motor neuropathy (HSMN) type 1A (CharcotMarie-Tooth 1A). Subjects with HSMN type 1A were identified from a specialist neurology clinic where the diagnosis was confirmed by identification of mutations/ duplications on PMP-22. Subjects from the same proband were excluded to avoid selection bias. All subjects gave written
informed consent before participation in the study, which had prior approval by the South Sheffield Regional Ethics Committee.
Diabetic peripheral neuropathy assessments Neuropathic symptoms were documented by completion of a standard questionnaire (Neuropathy Symptom Score [NSS] ). Then the outcome of a detailed neurological examination was graded by defined criteria according to the standard Neuropathy Impairment Score questionnaire (11) .
All subjects underwent 1) vibration and cooling detection thresholds acquired from the dorsal aspect of the right foot using the Computer Assisted Sensory Evaluation IV (W.R. Electronics, Stillwater, MN) system employing standard techniques (12, 13) ; 2) cardiac autonomic function tests performed with a computerassisted technique (14) ; and 3) nerve conduction studies performed at a stable skin temperature of 31°C and a room temperature of 24°C using a Medelec electrophysiological system (Synergy Oxford Instruments, Oxford, U.K.). The following nerve attributes were measured: 1) sural sensory nerve action potentials and conduction velocities and 2) common peroneal and tibial motor nerve distal latency, compound muscle action potential, and conduction velocity. On the basis of these clinical and neurophysiological assessments, diabetic subjects were divided into three groups: 1) no DPN, consisting of asymptomatic subjects with normal clinical and neurophysiological assessments, 2) subclinical DPN, consisting of asymptomatic subjects with normal clinical and at least two abnormalities on neurophysiological assessments; and 3) clinically detectable DPN, comprising subjects with both clinical and neurophysiological abnormalities.
In addition, a Neuropathy Composite Score (NCS) derived from the assessments described above (Neuropathy Impairment Score of the Lower Limbs plus seven tests of nerve function) was calculated (15, 16) . A full description of the method of calculation has been described elsewhere (15, 16) . This scoring system takes into account the findings of neurological examination and neurophysiological assessments: the higher the composite score the more severe the neuropathy. In all subjects, assessments to stage the severity of neuropathy were made within 7 days of MRI.
MRI protocol
All subjects underwent MRI of the cervical spine using a standard spinal phasedarray receive only radiofrequency coil on a system operating at 1.5 T (Eclipse; Philips Medical Systems, Cleveland, OH). T2-weighted imaging was performed axially from C1 to T2 using a gradient echo technique (echo time 17.9 ms, repeat time 800 ms; slice thickness 4 mm; in-plane resolution 0.78 ϫ 0.96 mm). Spinal cord cross-sectional area was measured at the level of disc space C2/C3 in all subjects (17) . Total imaging time was 15 min.
Data analysis
Before the analysis was performed, an experienced neuroradiologist (P.D.G.) reviewed the standard images acquired (axial T2, sagittal T1 and T2) to exclude any anatomical abnormalities. A simple 4-point scoring system was used to quantify the degree of degenerative vertebral disease affecting subjects in this study (normal ϭ 0, thecal indentation only ϭ 1, thecal indentation touching the spinal cord ϭ 2, and spinal cord compression ϭ 3) (17) .
The average of spinal cord area measurements (nerve roots were excluded) from three slices at the level of C2/C3 was then calculated (17) . In the pilot study, cord area measurements were performed at three different levels of the spinal cord (C2/C3, C6/C7, and T9/T10) and demonstrated a significant difference in cord area at C2/C3. Hence, we focused our attention at this level in this larger adequately powered study. Furthermore, at this level, cerebrospinal fluid tends to encircle the cord, facilitating the semiautomated computerized thresholding method used to measure cord cross-sectional area. In addition, positioning the patient to ensure that the cord at this level is in the middle of the bony canal (i.e., not touching the bone) is easy as the neck is kept in a more comfortable neutral position. An assessor (D.S.), who was blinded to subject identity, performed the analysis. Because variations in slice prescription and intersubject anthropometric (age, height and weight) differences can introduce errors/ differences in spinal cord area, corrections were made for all of these variables to isolate the effect of diabetes only. Variations in slice positioning will result in the artificial scaling of structures in the image acquired. As all structures in an image will experience the same amount of artificial scaling, dividing the absolute cord area by the anteroposterior diameter of the spinal canal will account for this variation. This correction ratio of spinal cord area (spinal cord area index [SCAI]) serves as an index of cord atrophy and has been used in the subsequent analyses.
Statistical analysis
All analyses were performed using the statistical package SPSS 11.1. Baseline characteristics were described as means and SD for normally distributed variables and as medians and interquartile range for variables with a skewed distribution. Action potentials were undetectable in 18 patients for the sural nerve and in 4 patients for the peroneal nerve. Hence, in these circumstances, we excluded the values for sural and peroneal nerve conduction velocity and distal latency from all statistical analyses.
We used ANCOVA to compare differences between groups (nondiabetic control subjects, those with HSMN type1A, and no DPN, subclinical DPN, and clinically detectable DPN groups), by calculating mean SCAI per group adjusted for age, height, weight, and HbA 1c (A1C). By adjusting the mean SCAI for age, height, weight, and A1C, we account for the possible confounding effects these baseline characteristics may have on the changes of SCAI among the groups. Hence, only changes attributed to diabetes were reported. The relation between mean SCAI and individual attributes of nerve function (e.g., nerve conduction velocities, vibration detection threshold, and others), NCSs and NSSs was analyzed in more detail among subjects with diabetes (n ϭ 81) using linear regression. Data distributions were checked, and those that were skewed were transformed before linear regression analysis.
To assess the effects of observer experience, 18 subjects were randomly selected and reanalyzed by two observers (experienced [D.S.] and novice [C.J.E.]) to determine the intra-and interobserver variation. These 18 subjects were also rescanned after being repositioned on the scanner to determine the scan-rescan variation.
RESULTS

Participant flow
Eligibility for the study was assessed for 203 subjects with diabetes. Of these, 105 were eligible according to the study criteria and were willing to undergo neurophysiological assessments, and 81 subsequently underwent MRI. Seventeen withdrew from the study before imaging, and 7 had contraindications to MRI. Twenty-four nondiabetic healthy control subjects and 8 subjects with HSMN type1A were also recruited. Table 1 shows demographic details and the results of the neurophysiological and MRI assessments for the three diabetic groups (no DPN, subclinical DPN, and clinically detectable DPN), nondiabetic control subjects, and subjects with HSMN type1A. Figure 1 shows the mean SCAI per group, after adjustment for age, height, and weight. Diabetic subjects with no neuropathy (no DPN group) had a mean SCAI (67. groups had a significantly lower mean SCAI compared with no DPN subjects (P Ͻ 0.001 and P ϭ 0.03, respectively). The difference between clinically detectable DPN and subclinical DPN groups was statistically significant (P ϭ 0.006). When compared with HSMN type1A, diabetic subjects with subclinical DPN and clinically detectable DPN had lower mean SCAIs (P ϭ 0.01 and P Ͻ 0.001, respectively). The test for an inverse linear trend across the three diabetic groups showed P ϭ 0.001.
Baseline characteristics
SCAI measurements per group
Of patients with clinically detectable DPN and subclinical DPN patients, 25.6 and 8.7%, respectively, had spinal cord atrophy as defined by a corrected spinal cord area Ͻ2 SD below that of normal control subjects. None of the diabetic ), R-R variability with heart rate deep breathing (heart rate variability on diabetes), common peroneal compound muscle action potential (peroneal amplitude, V), and vibration "just noticeable difference" (vibration JND) of the subjects (no DPN, diabetic subjects with no neuropathy; subclinical DPN, diabetic subjects with early neuropathy; clinical DPN, diabetic subjects with established neuropathy; nondiabetic control subjects; HSMN, subjects with HSMN type 1). *Demographic characteristics statistically significantly different between the groups (ANOVA). NA, not applicable; ND, not detectable. subjects without DPN had a corrected spinal cord area below this level.
Relations between SCAI and neurophysiological assessments Table 2 shows the relations between SCAI and neurophysiological assessments, NCS, and NSS among subjects with diabetes. Adjusting for age, height, weight, and A1C, we found that higher sural conduction velocities were associated with larger SCAIs. The amplitudes in both sural and peroneal nerves were not related to SCAI at a statistically significant level. SCAI was inversely related to DPN NCS, with each point associated with a cord area index reduction of 0.26 (95% CI 0.45 to Ϫ0.01). The associations of SCAI with heart rate variability and vibration detection threshold were not statistically significant.
Reproducibility
The intraobserver SD and coefficient of variation (CV) for the experienced observer were 0.01 and 1.0%, respectively. The novice observer had a SD of 0.02 and a CV of 2.0% for repeated measurements of the same image. The interobserver reproducibility CV was 1.4% with SD of 0.014. The CV and SD of the measurements on the scan-rescan series of images were 2.0% and 0.02, respectively. The intraclass correlation coefficient was 0.97 (95% CI 0.88 -0.99). There were no significant differences in the scores for degenerative disc disease among the five groups studied. None of the subjects recruited had spinal cord compression.
CONCLUSIONS -DPN has traditionally been considered a disease of the peripheral nerve only, with potentially important areas such as the spinal cord being largely overlooked. In a pilot study, using an MRI technique, we demonstrated that the cervical spinal cord area was significantly reduced in subjects with clinically detectable DPN compared with that in normal control subjects (10) . In this larger study we confirmed the results of the pilot study and, more importantly, also demonstrated that spinal cord atrophy is an early process, which is present not only in subjects with clinically detectable DPN but also in subjects with relatively modest impairments of nerve function (subclinical DPN). The significant inverse linear trend across diabetic groups and the continuous relations found with the NCS indicate a continuing loss of spinal cord area as the disease progresses. Significant correlations were also found between the SCAI and neurophysiological parameters. The mean SCAI was not significantly different between age-and sex-matched nondiabetic control subjects and diabetic subjects without DPN. In contrast, unlike DPN, subjects with HSMN type1A, who served as a severe neuropathy control group, had SCAI results similar to those of nondiabetic control subjects.
Absolute spinal cord area measurements are well recognized to be affected by anthropometric differences among subjects, scan setup, and slice prescription (i.e., ensuring that the scan plane is perpendicular to the long axis of the cord). We accounted for these variations by calculating the corrected index of spinal cord area (SCAI) before adjusting group means for age, weight, and height. Such "normalization," as used in studies of brain atrophy (18) , is an individualized index of cord atrophy and, hence, is important in this cross-sectional study in which intersubject comparisons are performed. In addition, systematic errors were minimized by using a semiautomated computerized technique for measuring absolute cord cross-sectional areas (17) . Taking these steps improved both the precision and accuracy and, hence, the reliability of the measurement technique.
Consensus reports on the definition of DPN agree that a combination of neuropathic symptoms, signs, and electrodiagnostic findings provide the most accurate way of detecting and staging the severity of DPN (19 -21) . Thus, our staging approach, defining the subgroup with no neuropathy (no DPN) as the absence of symptoms and signs of neuropathy together with no neuropathic test abnormalities and the subgroup with clinically detectable neuropathy (clinically detectable DPN) as asymptomatic subjects with abnormalities in both neuropathic tests and clinical examination and subjects with symptomatic neuropathy, is valid. More importantly, we also studied a subgroup of subjects with early neuropathy (subclinical DPN), comprising individuals with neither the symptoms nor the clinical signs of DPN but who had at least two neuropathic test abnormalities. In addition, we also used the NCS to quantify the severity of DPN in this study. Composite scores have recently been shown to be the best way to demonstrate subtle and latent functional worsening of nerve conduction even before nerve conduction test criteria for DPN have been met (22) . This monotone worsening of nerve conduction is indicative of subclinical or early DPN. Thus, the detection and accurate quantification of DPN, crucial for See Table 1 for explanation of neurophysiological parameters. ␤ is the linear regression coefficient, indicating the change in SCAI per unit change in each of the independent variables. Partial r is the partial correlation coefficient obtained from the linear regression model. study of this condition, was performed using a combination of symptoms, signs, and neurophysiological assessments based on well-validated methods (11) (12) (13) (14) (15) (16) . The findings of this study demonstrate that the neuropathic process in humans is not confined to the peripheral nerve and may also involve the spinal cord. The fact that this involvement appears to occur early in the neuropathic process is disturbing. Even at the subclinical DPN stage, extensive and perhaps even irreversible damage may have occurred. Indeed, with these results in mind, it is not surprising that so far the variety of therapeutic options attempted in DPN have been unsuccessful (23) .
However, the underlying reason for reduction in cord size is not clear. The spinal cord consists of a number of nerve tracts within its white matter. The major ascending and descending spinal cord pathways are the 1) spinothalamic, 2) dorsal column, 3) corticospinal, 4) spinocerebellar, and 5) autonomic pathways. Cord area reduction may be the result of a "dying back" phenomenon caused by peripheral nerve axonopathy. However, it is also possible that the effect of diabetesinduced microvascular dysfunction is concomitant spinal cord involvement leading to the observed spinal cord atrophy.
A group of patients with HSMN type1A, an inherited form of neuropathy, was studied to represent a disease control group as 1) HSMN is recognized to predominantly affect the peripheral nervous system, and, unlike diabetes, 2) vascular factors have not been implicated in its pathogenesis (24, 25) . It has been shown in postmortem studies that this demyelinating form of peripheral neuropathy is also accompanied by axonal atrophy and loss of anterior horn and dorsal root ganglion cells together with degeneration of the posterior columns in the spinal cord (26) . However, the smaller SCAI observed in subclinical and clinical DPN compared with HSMN type1A in this study suggests that the impact of diabetes is generalized, concomitantly affecting the peripheral and central nervous systems. The significant correlation between neurophysiological parameters and SCAI in DPN supports this suggestion.
There is increasing evidence from epidemiological to nerve biopsy and in vivo studies in humans for the involvement of microvascular factors in the pathogenesis of axonal loss in the peripheral nerve (2, (27) (28) (29) (30) (31) . Nerve biopsy and in vivo studies in humans have revealed the presence of endoneurial microangiopathy (3), impaired nerve blood flow, and nerve hypoxia (31) . Additionally, the severity of peripheral nerve fiber loss correlates with the degree of endoneurial microangiopathy (28, 29) . Postmortem findings of microvascular disease within the spinal cord (32) , similar to that seen in the peripheral nerve (33) , suggest that the same pathogenic mechanisms may be involved in both areas. It is, therefore, likely that the metabolic insult of diabetes (hyperglycemia, insulin resistance, dyslipidemia, hypertension, and so on) (34, 35) has a generalized effect on the nervous system with similar vascular processes and axonopathy (neuronal loss) resulting in the observed spinal cord atrophy in DPN. From the observations of this study, it is premature to speculate on the underlying pathophysiological processes affecting the spinal cord in DPN. There are, however, somatosensory and motor evoked potential studies in diabetes that have shown prolongation not only of peripheral conduction time but also of the central conduction time, especially in spinal cord structures (36) . These findings may suggest that the reduction in mean SCAI observed in both subclinical and clinically detectable DPN may be a consequence of "central length dependent injury" within the spinal cord. To understand the exact pathophysiology of this myelopathy in DPN, however, further morphological studies are needed.
Our secondary objective was to evaluate the effectiveness of this technique as an early marker for DPN, as we currently have no "microalbuminuria equivalent" for DPN. By the time DPN is clinically detectible, severe peripheral nerve fiber loss and endoneurial microangiopathy are present (37) . Furthermore, unlike other microvascular complications of diabetes, the early diagnosis of DPN currently depends on a combination of detailed clinical and neurophysiological assessments, which not only are time consuming and costly but also have major limitations including high interobserver variability, insensitivity to changes over time, and nonlinearity of the measured parameters (11, 38) . Our findings suggest that spinal cord cross-sectional area measurement using this quick, noninvasive, and operator-independent MRI technique may serve as an additional tool in the early detection and accurate quantification of DPN. However, longitudinal prospective studies are now required to determine the natural history of spinal cord involvement in DPN.
